Marine mammals are a K-selected relict megafauna that escaped the mass extinctions that affected their terrestrial counterparts at the end of the Pleistocene. Over the last 500 years they have been severely impacted as humans have mastered the marine environment. Some stocks and species went to extinction, and extinction of others was narrowly averted through international efforts regulating commercial exploitation. In the late 20th century new threats arose through contamination of the marine environment and these will be exacerbated and added to as human numbers double and economies grow over the next century.
The prospect for survival of marine mammals over the next century was the topic of a symposium at the 79th Annual Meeting of the American Society of Mammalogists in Seattle, Washington, in June 1999. Two of the presentations are included in this issue of the Journal of Mammalogy. To introduce them, I briefly review the postPleistocene record and the threats that loom as Homo sapiens carves an ever larger niche in the planetary ecosystem.
In the closing millennia of the Pleistocene, a wave of large-mammal extinctions coincided with technological advance and dispersal of human populations over the continental land masses (Martin 1984) . Marine mammals, out of reach in the seas, experienced human impact only as the Pleistocene ended and hunter-gatherers exploited inshore waters and colonized islands. Dugongs and small cetaceans were staples in the Persian Gulf in 5000 BC (Prieur and Guérin 1991) . Sealing, and in particular, whaling cultures around the Arctic coast were of later origin, perhaps no more than 3,000-4,000 years ago (Birkit-Smith 1959; Mason and Gerlach 1995) . In this 1st wave of exploitation, humans may have num-* Correspondent: pkanders@cadvision.com bered Ͻ1 million (Pettersson 1960) , and marine-mammal numbers and distributions may have been unaffected. The giant sirenian, Hydrodamalis gigas, seems to have been a significant exception. It probably was extirpated from the continental margins of the North Pacific by stone-age hunters (Domning 1972) .
SANCTUARY LOST
Commercial hunting of marine mammals began about 1,000 years ago (DeSmet 1981), but it was only 500-600 years ago that our invasion of marine-mammal sanctuaries became general. The 1st marinemammal extinction came in 1758 when H. gigas vanished 30 years after fur hunters reached its refuge on the Komandorskiye Islands. Its fate probably was sealed by a combination of overharvesting (Stejneger 1887) and disruption of the ecosystem on which it depended (Anderson 1995). Stocks of other species were soon severely affected. Hunted for food, fur, oil, or fertilizer, pinniped and cetacean populations were progressively depleted as humans penetrated ever farther into marine habitats (Busch 1985; Slijper 1962) . Some stocks were extirpated and others persisted with only rem-nants of the numbers and social patterns that had been adaptive in the past (Gregr et al. 2000; Rodriguez and Bastida 1998) . By the mid-20th century the introduction of sonar, search aircraft, fast diesel-powered catcher boats, and factory ships threatened the extinction of even the largest and fastest whales in the most remote oceans.
Reprieves came when populations were so reduced that harvesting became unprofitable, fashions changed, petroleum replaced whale oil, international agreements designed to prevent self-destruction of the exploitive industries were introduced, and nongovernmental organizations devoted to marine-mammal protection appeared and became effective (Gambell 1999; Kimball 1999; Lavigne et al. 1999) . Given protection, depleted populations, even many that appeared to have passed through bottlenecks that stripped away genetic variation (Amos and Harwood 1998; Lehman et al. 1993) began to recover. The megafaunal extinctions that Pleistocene humans had caused on land were averted, at least temporarily.
In the last one-third of the 20th century, novel threats appeared. Marine-mammal populations began to suffer significant mortality as by-catch in the purse seines, trawls, and gill nets of coastal and oceanic fin-fish and mollusc fisheries (Gosliner 1999; Northridge and Hofman 1999) . The intensity and efficiency of worldwide fisheries also depleted stocks of prey species on which some pinniped populations depended, leading to food shortages or dietary deficiencies (Rosen and Trites 2000) , starvation of young, and reduced recruitment (McAlpine et al. 1999) . As fish stocks declined through overexploitation, large-scale culling of pinniped and some small cetacean populations was promoted on the grounds that they might have contributed to declining fisheries or failure of overfished stocks to recover (Hutchins 1996) . Slaughter of some pinniped species reached levels that are likely underestimated (Lavigne 1999) . Introduction of synthetic fibers in fishing gear caused injury and death of marine mammals from ingestion or entanglement in lost and discarded nets and lines, as did other slowly degradable products of the plastics industry (Fowler et. al. 1989; Laist et al. 1999; Pruter 1987; Walker and Coe 1989) . Major oil spills in coastal areas also caused significant mortality and altered compositions of local ecosystems (e.g., Loughlin 1994) .
Marine environments accumulated persistent pollutants, some of which had disruptive effects on marine-mammal endocrine systems (Short and Colborn 1999) . Such substances, along with heavy metals, accumulated in marine-mammal tissues (O'Shea et al. 1999 ). Coastal waters became increasingly eutrophic as a result of sewage inflow and transport of agricultural fertilizers. Some small marine-mammal populations were affected seriously by toxic algal blooms (Hernandez et al. 1998; O'Shea et al. 1991) . In inshore waters, numbers of high-speed vessels proliferated, with resultant risk of collision (Kenney and Kraus 1993; Laist et al. 2001; Wright et al. 1995) . Anthropogenic noise, generated by shipping, offshore oil production, military activity, and scientific experiments increased in the frequency ranges that marine mammals use for social communication, foraging, and navigation (Jasny 1999; National Research Council 2000; Richardson et al. 1995) and in some cases may have caused damage to auditory organs, leading to stranding and death (Whaley 2000) . Injection of industrial chemicals into the atmosphere depleted the ozone layer, raising levels of ultraviolet radiation at the sea surface, possibly threatening phytoplankton production (Krupa and Kickert 1989) , the basis of marine food chains. Carbon dioxide released from burning of fossil fuels caused, or contributed to, increasing atmospheric and ocean temperatures (Crowley 2000) . As the climate warmed, Arctic sea ice on which some species depend for breeding and foraging began to shrink (Huntington 2000; Johannessen et al. 1999; McAlpine et al. 1999; Stirling et al. 1999) .
Large mammals in general exhibit K-selected strategies (Eisenberg 1981) . Marine mammals exaggerate the same characteristics that made the terrestrial megafauna of the Pleistocene fatally vulnerable to human impact. Natality rates are low, young are large and precocial at birth, females may give birth at intervals as long as 7 years, sexual maturity is delayed, and maternal investment is high. Most critically (sirenians excepted), marine megafauna are at the top of their food chains and pollutants inevitably accumulate in their bodies, a risk that is amplified by potential life spans Ͼ200 years (George et al. 1999) .
In the 21st century, I expect that the novel threats evident in the late 20th century will increase, driven by growth of the human population to 9.4 billion by 2050 and 12-27 billion by 2100 (United States Census Bureau 2000 at http://blue.census.gov/ ipc/www.worldpop/) and by industrial expansion (United Nations Industrial Development Organization 1995). It commonly is assumed that economic growth will surge sufficiently to reduce international economic inequalities (United Nations 1990). Per capita manufacturing output in more advanced developing countries is forecast to approach that of Europe and North America by 2030 (United Nations Industrial Development Organization 1995). Production and distribution of food for humans will continue to have priority over other considerations (Borlaug 2000; Conway 2000) . Provision of an adequate diet for a wealthier human population 50-100% larger than that presently existing cannot leave marine mammals unaffected. Extrapolating from Vitousek et al. (1986) , humans may appropriate Ͼ30% of the net primary productivity of the planet by midcentury, leaving much less for other species. Feeding the human population will require increased use of fertilizers (S. Daberkow et al., in litt.).
Annual production and application of herbicides and pesticides, currently about 7 billion pounds of active ingredients (Aspelin 1997), are more likely to increase than to decline. New biocides continue to be developed and deployed (Aspelin 1997), despite emergence of transgenically resistant crops (Borlaug 2000) . Although genetic modification of crop plants may reduce per acre application of herbicides, herbicide toxicity may increase and the acreage to which herbicides are applied shows no tendency to decrease (Short and Colborn 1999) . I expect expanding forest monocultures to follow a similar trajectory. The endocrine-disrupting impacts of these agents may be supplemented by growing production and dissemination of plastic resins that have similar impacts and even by hormones used to facilitate domestic animal production or prevent human conception (Ternes and Wilken 1999) . Further attempts to increase primary production in oceans through fertilization with iron (e.g., Cavender-Bares et al. 1999) are likely, with consequences that will not have been anticipated.
Demand for animal protein typically rises as economies improve, and strenuous efforts will be made to increase take from already overharvested fisheries. Calls by proharvesting Japanese, Norwegian, and Icelandic governments, their client nations, and affiliatedd nongovernmental organizations (e.g., World Council of Whalers, World Council of Sealers, North Atlantic Marine Mammal Commission, and High North Alliance) for commercial harvest of marine mammals will become more strident and more effective. As commercial fish stocks decline further (DeMaster et al. 2001) , marine aquaculture is likely to expand, and demands for culling pinniped and small cetacean populations will increase to protect fish farms and reduce competing populations of marine mammals. Acoustic deterrents around such enterprises may deprive marine mammals of coastal habitat (A. Morton, pers. comm.) .
In tropical regions, more rivers will be dammed for irrigation and electrical gen-eration. As industry develops and river flows decline concentrations of chemicals in the remaining runoff will increase. Increasing concentration of the growing human populations along seacoasts will amplify trends for pollution and eutrophication of coastal waters. Areas of high salinity may develop in the outfalls of desalination projects along arid coastlines. Everywhere, larger and more affluent human populations will require more energy and raw materials of all kinds. Conventional petroleum reserves on land will decline by 2020 and efforts to extract petroleum from submarine deposits will intensify as prices rise (Campbell 2000) . Further oil spills are inevitable and some may fatally impact localized marine-mammal populations (Brody et al. 1996) . New technologies for extraction of energy (e.g., tidal generation, ocean wind farms, and mining of methane hydrates) and raw materials (e.g., gold and manganese nodules) from the marine environment can be anticipated.
With worldwide per capita energy demand expected to increase by 47% by midcentury (Sailor et al. 2000) , we may resort to use of oil shales, heavy oils, and tar sands, and see a resurgence of use of coal that will likely overwhelm efforts to control CO 2 emission. Global warming is more likely to accelerate than to be restrained; shrinkage of vital ice habitats (Huntington 2000; Johannessen et al. 1999; Vinnikov et al. 1999 ) will continue. Along urbanized coastlines, fast ferries will proliferate to handle commuter and freight traffic as coastal highways become more clogged. Offshore, the size, speed, and numbers of freighters will increase. As yet unanticipated technologies will likely add to the sum of these ongoing impacts. As economies globalize, efforts to establish and maintain sanctuary zones for marine mammals (Hyrenbach et al. 2000) or enforce compliance with international agreements (e.g., International Convention for the Regulation of Whaling) will be challenged under the North American Free Trade Agreement and World Trade Organization regulations and agreements (French 2000) , or opposed internally by exporters who will fear retaliatory action from affected countries.
These multifarious impacts of human activity will take place in the context of exceptional global warming (Crowley 2000) that may entrain large-scale system adjustments, such as more frequent and extreme southern ocean oscillations (Sydeman and Allen 1999) or major shifts in ocean currents (Broecker 1997) . In concert, such shifts require change, within decades, in marine-mammal migration and breeding patterns that have evolved over millennia. All the above assumes continuation of present levels of political and economic stability, no major world conflicts, and continued efforts to achieve effective international cooperation in curbing environmental impacts. Whether or not these optimistic assumptions prove correct, visualizing the future is fraught with error and the fate of marine mammals will hang in the balance over the century.
SUPPORT FOR A CHARISMATIC FAUNA Marine mammals as a group are charismatic; many are of imposing size, have haunting voices, and have intriguing social behaviors. Marine-mammal biology is a challenging and attractive field, and marinemammal existence is woven into human mythologies. In developed, highly educated societies marine mammals attract strong popular support, mobilized by well-organized nongovernmental groups. Such support can be expected to extend to developing countries along with affluence and education. The Internet makes powerful communication networks available to dedicated groups and individuals. Marine mammals will have supporters, but their voices will have to be loud and persistent in the face of sweeping ecological, economic, and political change.
A marine Pleistocene megafauna survived the past 5 centuries almost intact. It enters the 21st century as a vulnerable as-semblage faced with a unique constellation of threats. I believe that assessment of the prospects for this fauna over the next 100 years may lead to a more desirable result than will ad hoc responses to crises as they arrive. If that is to be, scientists and their professional societies will need to be proactive in generating the necessary knowledge and will to limit human demands on marine mammals and the marine environment. In the most general sense, the fate of marine mammals hangs on our curing our addiction to growth and refraining from harvesting marine mammals just because they, like Mount Everest, are there. I proposed the symposium in the hope that members of the American Society of Mammalogists would be inspired to look into the coming century at the prospect for all mammalian diversity and to act accordingly.
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